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ABSTRACT 

/ 9  173 A 
The vacuum u l t r a v i o l e t  p h o t o l y s i s  of  CO h a s  been i n v e s t i g a t e d  i n  2 

t h e  p r e s s u r e  r e g i o n  150-760 mm Hg. A t  1236 8 and around 1600 8 t h e  

quantum y i e l d s  f o r  carbon monoxide, oxygen and ozone a r e  c o n s i s t e n t  

w i t h  t h e  d i r e c t  p h o t o d i s s o c i a t i o n  mechanism, w h i l e  an  i n c r e a s e  i n  t h e  

quantum y i e l d s  a t  1470 8 i n d i c a t e s  t h a t  a t  t h i s  wavelength,  e x c i t e d  CO 

molecules  a r e  a l s o  involved  i n  t h e  c r i t i c a l  s t e p .  From t h e  low r a t e s  

2 

of ozone f o r m a t i o n  observed i n  a l l  c a s e s ,  i t  i s  concluded t h a t  t h e  photo- 

d i s s o c i a t i o n  of CO 

The q u a n t i t a t i v e  e v a l u a t i o n  of t h e  d a t a  o b t a i n e d  w i t h  r a d i a t i o n  a t  1236 8 
and around 1600 s u p p o r t s  t h e  fo l lowing  r e a c t i o n  mechanism: 

produces oxygen atoms i n  t h e  m e t a s t a b l e  'D s t a t e .  2 

kl 

k 2  

k3 

o + 0 3 - f 2 0 2  k4 

co2 co + 0 

0 + 0 + M -+ O2 -k M 

0 + O2 + M + O3 + M 

- 19 - 
and y i e l d s  a l s o  k / k  (M) = 41 and k3/v ii2 = 4 . 3 5  x 10  4 3  

1 3 2 2 
sumption t h a t  k ( D) = k2(  P)  = 4.2 x 

r a t e  c o n s t a n t s  a r e  e s t i m a t e d  t o  be k3( D) = 2 . 8  x 10 

. With t h e  as -  

c c  /molec s e c ,  t h e  a b s o l u t e  
2 

1 -35  2 2 c c  /molec s e c  

and k ( 1 D) = 3 x 1 0  - 14 cc/molec sec .  m 
4 
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REACTIONS OF 'D OXYGEN ATOMS I N  THE PHOTOLYSIS OF CARBON D I O X I D E  

P .  Wcmeck 

1. INTRODUCTION 

Photochemical p r o c e s s e s  occurr ing  i n  p l a n e t a r y  atmospheres  under  

the i n f i u e n c e  of s o i a r  r a d i a t i o n  depend g r e a t l y  upon t h e  r e l a t i v e  abiin- 

dance of a tmospheric  c o n s t i t u e n t s .  While oxygen i s  t h e  major d i s s o c i a b l e  

component i n  t h e  E a r t h ' s  atmosphere,  t h i s  r o l e  i s  assumed by carbon 

d i o x i d e  i n  t h e  atmospheres of Mars and Venus. The p e r t i n e n t  photochemical  

r e a c t i o n s  f o r  t h i s  c a s e  have been reviewed i n  a p r e v i o u s  r e p o r t ,  a s  

w e l l  a s  a number of problems discussed a r i s i n g  from i n c o n s i s t e n c i e s  con- 

c e r n i n g  t h e  i n t e r p r e t a t i o n  of s e v e r a l  e x p e r i m e n t a l  o b s e r v a t i o n s .  Thus, 

t h e  p h o t o l y s i s  of t h e  i n d i v i d u a l  subs tances  CO 

t o  r e q u i r e  a d d i t i o n a l  exper imenta l  s tudy .  

CO,  and O2 were found 2'  

The p r e s e n t  r e p o r t  i s  concerned w i t h  t h e  u l t r a v i o l e t  p h o t o l y s i s  of 

carbon d i o x i d e  which h a s  been r e i n v e s t i g a t e d  a t  p r e s s u r e s  between 150 

and 760 mm Hg, u t i l i z i n g  k r y p t o n ,  xenon and hydrogen l i g h t  s o u r c e s .  It  

could be confirmed t h a t  p h o t o d i s s o c i a t i o n  

co2 % co + 0 

i s  t h e  major pr imary p r o c e s s  i n  the 1200-1700 2 wavelength r e g i o n ,  b u t  

i t  h a s  a l s o  been found t h a t  t h e  oxygen atoms produced i n  t h i s  p r o c e s s  

a r e  i n  t h e  e x c i t e d  m e t a s t a b l e  D s t a t e .  Accord ingly ,  t h e  p h o t o l y s i s  of 

CO may provide  a convenient  framework f o r  a s t u d y  of t h e  r o l e  of I D  

oxygen atoms i n  t h e  r e a c t i o n s  

1 

2 

1 



0 + 0 2 ( + M )  + 03(+M) (3) 

0 + o3 --f 202 ( 4 )  

which i n  combinat ion w i t h  (1) c o n s t i t u t e  t h e  main CO photodecomposi t ion 

mechanism. There i s  l i t t l e  doubt  t h a t  oxygen atoms a r e  indeed produced 

i n  t h e  pr imary p r o c e s s  of carbon d ioxide  photodecomposi t ion,  s i n c e  t h e  

CO a b s o r p t i o n  spectrum i n  t h e  1200-1700 8 wavelength r e g i o n  e x h i b i t s  

two d i s s o c i a t i o n  c o n t i n u a  which a r e  shown i n  F i g u r e  1. Both c o n t i n u a  

have been a s s o c i a t e d ( 2 )  w i t h  a process  of type  (1). 

of D oxygen atoms i n  t h e  CO photodecomposition mechanism was f i r s t  

sugges ted  by ma ha^^'^) who photolyzed C 0 2  i n  t h e  p r e s e n c e  of smal l  amounts 

of NO b u t  f a i l e d  t o  observe  t h e  chemiluminescence c h a r a c t e r i s t i c  f o r  3P 

oxygen atoms. I n  t h e  p r e s e n t  s tudy  of carbon d i o x i d e  p h o t o l y s i s ,  f u r t h e r  

ev idence  was d e r i v e d  from t h e  r a t e  of ozone f o r m a t i o n ,  which was measured 

i n  a d d i t i o n  t o  CO and O2 quantum y i e l d s .  

c o n s t a n t s  a s s o c i a t e d  w i t h  Reac t ions  (3) and ( 4 )  was determined and com- 

pared  w i t h  t h e  known r a t i o  f o r  P oxygen atoms. Once t h i s  r a t i o  i s  known, 

t h e  measured r a t e s  of ozone formation w i l l  y i e l d  i n f o r m a t i o n  concern ing  

t h e  a b s o l u t e  r a t e  c o n s t a n t s  provided t h e  r a t e  of R e a c t i o n  (2)  i s  n o t  

t o o  d i f f e r e n t  from t h a t  f o r  oxygen atoms i n  t h e  P ground s t a t e .  

2 

2 

The p a r t i c i p a t i o n  

1 
2 

Also,  t h e  r a t i o  of  t h e  r a t e  

3 

3 
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2.  EXPERIMENTAL 

2 . 1  L i g h t  Source and A c t i n o m e t x  

Experiments  were performed wi th  a c y l i n d r i c a l  flow r e a c t o r  c o n s i s t i n g  

of two c o n c e n t r i c  Pyrex t u b i n g s ,  of which t h e  o u t e r  one served  a s  t h e  

" pas i n l e t .  The r e a c t o r  was a t t a c h e d  t o  a microwave-powered d i s c h a r g e  

lamp of  s i m i l a r  d e s i g n  a s  a p r e v i o u s l y  d e s c r i b e d  hydrogen l i g h t  s o u r c e .  

S e p a r a t e  d i s c h a r g e  t u b e s ,  made of Pyrex o r  q u a r t z ,  were employed f o r  

k r y p t o n ,  xenon and hydrogen i n  order  t o  p r e v e n t  contaminat ion  of t h e  

d e s i r e d  spectrum w i t h  f o r e i g n  l i n e s .  The r e a c t o r  and l i g h t  s o u r c e  were 

s e p a r a t e d  by a window of s u i t a b l e  m a t e r i a l .  Li thium f l u o r i d e  windows 

were employed i n  c o n j u n c t i o n  w i t h  1:rypton d i s c h a r g e s ,  w h i l e  f o r  t h e  

o t h e r  g a s e s  bar ium f l u o r i d e  p l a t e s  were i n s e r t e d .  S ince  BaF does n o t  

a p p r e c i a b l y  t r a n s m i t  a t  wavelengths  below 1400 8, i t  p r o v i d e s  a s u i t a b l e  

c u t o f f  f i l t e r  e l i m i n a t i n g ,  among o ther  l i n e s ,  Lyman-alpha a t  1216 8 and 

t h e  xenon l i n e  a t  1295 8. 
s p e c t r a  a s s o c i a t e d  w i t h  t h e  t h r e e  l i g h t  s o u r c e s  c o n s i s t e d  main ly  of t h e  

l i n e s  (a )  K r  1236 8, (b) Xe 1470 8, and ( c )  of t h e  hydrogen many-lined 

spec t rum c e n t e r e d  n e a r  1600 2. 

r e l a t i v e  t o  t h e  CO a b s o r p t i o n  cont inua  i s  shown i n  F i g u r e  1. 

(4) 

2 

Accordingly,  t h e  vacuum u l t r a - v i o l e t  e m i s s i o n  

The p o s i t i o n  of t h e s e  e m i s s i o n  l i n e s  

2 

16 I n t e g r a t e d  l i g h t  source  i n t e n s i t i e s  ranged from 2 x 1015 t o  2 x 10 

16 q u a n t a l s e c  f o r  k r y p t o n  and xenon d i s c h a r g e s ,  and up t o  1 x 10 

f o r  t h e  hydrogen lamp. They were determined a c t i n o m e t r i c a l l y  Crom t h e  

r a t e  of ozone format ion  i n  a f low of oxygen. ( 3 y 4 )  

q u a n t a l s e c  

A quantum y i e l d  of 

4 



t w  0 ( 5 y 6 )  was assumed i n  accordance with t h e  view t h a t  a t  a tmospher ic  p r e s -  

s u r e  almost  a l l  t h e  oxygen atoms r e s u l t i n g  from 0 d i s s o c i a t i o n  a r e  con- 

v e r t e d  i n t o  ozcne.  Only t h e  1165 2 k r y p t o n  l i n e  i s  probably  i n e f f e c t i v e  

i n  d i s s o c i a t i n g  0 s i n c e  i t  f a l l s  i n t o  a r e g i o n  between bands where 

t h e  O2 a b s o r p t i o n  s t r e n g t h  i s  low (k x 0 . 5  cm ) .  ( 2 )  However, s i n c e  

t h e  CO quantum y i e l d s  obta ined  i n  C02 p h o t o l y s e s  w i t h  t h e  k r y p t o n  lamp 

were c l o s e  t o  u n i t y ,  i t  i s  concluded t h a t  t h e  1165 g l i n e  cannot  c o n t r i -  

b u t e  more t h a n  10% of t h e  i n t e n s i t y  c o n t a i n e d  i n  t h e  1236 g k r y p t o n  l i n e .  

2 

2’ 

2 .2  Quantum Y i e l d s  

Ozone c o n c e n t r a t i o n s  were determined from t h e  a b s o r p t i o n  of t h e  

2537 mercury l i n e  which l i e s  near  t h e  maximum of  ozone a b s o r p t i o n  i n  

t h i s  s p e c t r a l  r e g i o n .  

r e a c t o r ,  where ozone was formed a s  a p h o t o l y t i c  p r o d u c t ,  and s u b s e q u e n t l y  

through a 4 0 . 5  cm long a b s o r p t i o n  tube f i t t e d  w i t h  q u a r t z  win lovs  a t  

bG211 ci1cls A Pen-Ray mercury lamp and a rubidium t e l l u r i d e  ( s o l a r  b l i n d )  

p h o t o m u l t i p l i e r  i n  c o n j u n c t i o n  w i t h  a h i g h  v o l t a g e  power supply  and a 

microammeter served t o  measure t h e  e x t e n t  of l i g h t  a b s o r p t i o n .  Owing 

t o  t h e  p a r t i c u l a r  s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  mercury lamp and t h e  

p h o t o m u l t i p l i e r  combined, no a d d i t i o n a l  f i l t e r s  were r e q u i r e d  f o r  an 

adequate  i s o l a t i o n  of t h e  2537 2 mercury l i n e .  

i s  c a l c u l a t e d  from Q ( 0  ) = [ O  ]v / I ,  where [O ] i s  t h e  s t e a d y - s t a t e  ozone 

c o n c e n t r a t i o n  i n  t h e  a b s o r p t i o n  tube,  v i s  t h e  b u l k  flow r a t e  i n  cm / s e c ,  

and I i n  q u a n t a l s e c  i s  t h e  e f f e c t i v e  i n t e g r a t e d  i n t e n s i t y  of t h e  l i g h t  

s o u r c e .  

A measured flow of C 0 2  was passed through t h e  

The ozone quantum y i e l d  

3 3 3 
3 

5 



The amounts of carbon monoxide and oxygen produced d u r i n g  t h e  photo- 

decomposi t ion of C 0 2  were i n v e s t i g a t e d  i n  a c l o s e d  system i n  which t h e  

g a s  was c i r c u l a t e d  by means of a m a g n e t i c a l l y - d r i v e n  r o t a t i n g  s t i r r e r .  

P r i o r  t o  t h e  i n t r o d u c t i o n  of CO i n  t h e  d e s i r e d  q u a n t i t y ,  t h e  system 

was p r e f i l l e d  w i t h  approximately 3 mm Hg of a rgon  which served  a s  a 

r e f e r e n c e  i n  the subsequent  mass s p e c t r o m e t r i c  a n a l y s i s .  Each sample 

drawn a f t e r  complet ion of a p h o t o l y s i s  r u n  was s u b j e c t e d  t o  l i q u i d  n i t r o -  

g e n  tempera ture  w h i l e  b e i n g  admit ted t o  t h e  mass s p e c t r o m e t e r  i n  o r d e r  

t o  minimize t h e  c o n t r i b u t i o n  t o  t h e  mass 28 peak o r i g i n a t i n g  from carbon 

d i o x i d e .  

2 

With t h e  e x c e p t i o n  of carbon d i o x i d e ,  r e s e a r c h - g r a d e  g a s e s  were em- 

ployed w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  CO was found t o  c o n t a i n  about  0 .05% 

oxygen a s  w e l l  a s  0.25% n i t r o g e n  and/or carbon monoxide. 

were removed by s u b j e c t i n g  a l e c t u r e  b o t t l e  of CO 

tempera ture  and pumping o f f  t h e  v o l a t i l e  components. Repeated a p p l i c a -  

t i o n  of t h i s  procedure  was r e q u i r e d  b e f o r e  t h e  d e s i r e d  degree  of p u r i f i -  

c a t i o n  was achieved ( l e s s  t h a n  20 p.p.m. contaminat ion  a s  determined 

mass s p e c t r o m e t r i c a l l y ) .  

2 

These g a s e s  

t o  l i q u i d  n i t r o g e n  2 

6 



3 .  RESULTS 

3 . 1  CO Quantum Y i e l d s  

The d a t a  ob ta ined  by mass spec t romet r i c  a n a l y s i s  of samples  drawn 

from t h e  c l o s e d  system a r e  summarized i n  F i g u r e  2 .  CO quantum y i e l d s  o f  

u n i t y  were found throughout  t h e  i n v e s t i g a t e d  p r e s s u r e  r e g i o n  when CO 

was i r r a d i a t e d  w i t h  l i g h t  from krypton  o r  hydrogen d i s c h a r g e s ,  b u t  t h e  

xenon l i g h t  sou rce  r e s u l t e d  i n  an  i n c r e a s e  of t h e  CO quantum y i e l d  from 

u n i t y  a t  lower p r e s s u r e s  t o  an average of Q(C0)=1.17 a t  740 mm Hg. Simi- 

l a r l y ,  a compara t ive ly  h i g h e r  oxygen quantum y i e l d  was observed i n  t h e  

l a t t e r  c a s e .  Th i s  i n d i c a t e s  a d i f f e r e n c e  i n  t h e  p h o t o l y t i c  mechanism 

which must be  a c t i v e  a t  t h e  wavelengths  of  t h e  l i n e s  e m i t t e d  from a xenon 

d i s c h a r g e  on one hand,  and a krypton  o r  hydrogen d i s c h a r g e  on t h e  o t h e r .  

The r e s u l t s  ob ta ined  w i t h  t h e  krypton  lamp can  be  combined w i t h  t h e  d a t a  

r e p o r t e d  by Mahan 

i s  i n s e n s i t i v e  t o  p r e s s u r e  v a r i a t i o n s  i n  t h e  r e g i o n  10-760 mm Hg; t h u s  

g i v i n g  a d d i t i o n a l  suppor t  t o  t h e  conc lus ion  t h a t  ca rbon  monoxide i s  formed 

d i r e c t l y  i n  t h e  pr imary p r o c e s s .  The observed oxygen quantum y i e l d s  

(Q(0  ) = 0 . 3  f o r  k ryp ton  and hydrogen, Q(0,) = 0 . 4  f o r  xenon) were h i g h e r  

t h a n  t h o s e  r e p o r t e d  by Mahan, b u t  s t i l l  below t h e  l i m i t  of  Q(0 ) = 0 .5  

‘ t o  be expec ted  if a l l  oxygen atoms produced i n  t h e  pr imary  p r o c e s s  re- 

combined t o  y i e l d  molecular  oxygen. However, t h e  m i s s i n g  oxygen h a s  

been  shown t o  e x i s t s  i n  t h e  form of ozone.  

2 

. .  . 

( 3 )  t o  demonst ra te  t h a t  a t  1236 2 t h e  CO quantum y i e l d  

2 

2 

The t ime dependence of carbon monoxide and oxygen fo rma t ion  i s  

p l o t t e d  i n  F i g u r e  3 f o r  exper iments  i n  which a xenon d i s c h a r g e  and p r e s -  

s u r e s  c l o s e  t o  an atmosphere were employed. The observed l i n e a r i t y  

7 
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s u b s t a n t i a t e s  t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e  2 ,  i n d i c a t i n g  t h a t  f o r  

t h e  i r r a d i a t i o n  i n t e r v a l s  and i n t e n s i t i e s  a p p l i e d  t h e  quantum y i e l d s  a r e  

t ime independent .  F u r t h e r ,  s i n c e  the s t r a i g h t  l i n e s  obta ined  meet a t  

t h e  o r i g i n  of t h e  c o - o r d i n a t e s ,  t h e  absence of p e r c e p t i b l e  amounts of 

i m p u r i t i e s  i n  t h e  employed CO i s  evidenced.  2 

3 .2  Ozone Quantum Y i e l d s  

Most of t h e  exper iments  designed t o  measure t h e  amount of ozone 

format ion  were c a r r i e d  o u t  a t  atmospheric p r e s s u r e .  A s  one could ex- 

p e c t  on account  of t h e  s to ich iometry  of t h e  r e a c t i o n s  i n v o l v e d ,  t h e  

0 

observed ozone quantum y i e l d s  depended s t r o n g l y  on t h e  c o n c e n t r a t i o n  

of  oxygen conta ined  i n  t h e  carbon d i o x i d e ,  and a l s o  upon t h e  a p p l i e d  

flow r a t e s  and i r r a d i a t i o n  i n t e n s i t i e s .  No ozone could be d e t e c t e d  

when a flow of  e x t e n s i v e l y  p u r i f i e d  CO was i r r a d i a t e d  w i t h  t h e  k r y p t o n  2 

o r  t h e  hydrogen d i s c h a r g e ,  even i f  high l i g h t  i n t e n s i t i e s  and low f low 

r a t e s  were employed. A s  a consequence, i n  t h e s e  c a s e s ,  on ly  an  upper  

l i m i t  quantum y i e l d  of Q(0 ) 5 0.01 can  be g iven .  

y i e l d s  observed w i t h  t h e  xenon l i g h t  s o u r c e  i r r a d i a t i n g  pure  CO were 

i n  t h e  range of Q(0 ) = 0.015, b u t  t h i s  was s t i l l  i n s u f f i c i e n t  f o r  an  

The ozone quantum 
3 

2 

3 

a c c u r a t e  d e t e r m i n a t i o n  of t h e  i n t e n s i t y  dependence. 

Larger  c o n c e n t r a t i o n s  of ozone were found when t h e  employed carbon 

d i o x i d e  conta ined  a t r a c e  o f  oxygen (0.057%) making i t  worthwhile  t o  

s t u d y  t h e  cor responding  ozone quantum y i e l d s  a s  a f u n c t i o n  of r a d i a t i o n  

i n t e n s i t y  under  o t h e r w i s e  s i m i l a r  c o n d i t i o n s .  F i g u r e  4 shows t h a t  t h e  

10 
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t h e  d a t a  obta ined  s e p a r a t e l y  w i t h  krypton and hydrogen d i s c h a r g e s  over-  

l a p  q u i t e  c l o s e l y ,  implying t h a t  the mechanism of ozone format ion  i s  

t h e  same i n  b o t h  c a s e s .  The i n c r e a s e  i n  t h e  ozone quantum y i e l d  w i t h  

d e c r e a s i n g  i n t e n s i t y  i s  i n  accord with t h e  k i n e t i c  mechanism. A s  t h e  

c o n c e n t r a t i o n  of oxygen atoms i s  reduced,  t h e i r  a t tachment  t o  molecular  

oxygen by r e a c t i o n  ( 3 )  i s  favoured i n  comparisor  t o  t h e  second-order  

d i r e c t  recombina t ion  ( 2 ) .  S i m i l a r l y ,  r e a c t i o n  ( 4 )  i s  more e f f e c t i v e  a t  

h i g h e r  i n t e n s i t i e s  owing t o  t h e  l a r g e r  a b s o l u t e  amounts of ozone i n v o l v e d .  

No s y s t e m a t i c  

t h e s e  c o n d i t i o n s .  

of ozone formed a s  

t h a n  t h a t  observed 

l i g h t  i n t e n s i t y  of 

s t u d y  was performed w i t h  t h e  xenon d i s c h a r g e  under  

However, a s  was t h e  c a s e  w i t h  p u r i f i e d  CO t h e  r a t e  

a r e s u l t  of t h e  1470 8 i r r a d i a t i o n  was a g a i n  g r e a t e r  

a t  t h e  o t h e r  wavelengths .  For  example, w i t h  a xenon 

7 . 5  x 10 quanta /sec  an ozone quantum y i e l d  of Q(0 ) 3 

2’  

15 

= 0.225 was de te rmined ,  w h i l e  according t o  F i g u r e  4 ,  t h e  o t h e r  d i s c h a r g e s  

produce an  average Q(0 ) = 0.125. 3 

The p r e s s u r e  dependence of t h e  ozone quantum y i e l d  was b r i e f l y  

e x p l o r e d  employing carbon d i o x i d e  c o n t a i n i n g  0.057% oxygen and i r r a d i a t -  

i n g  i t  w i t h  a c o n s t a n t  i n t e n s i t y  of l i g h t  produced i n  t h e  xenon d i s c h a r g e .  

According t o  t h e  l i n e a r  v a r i a t i o n  of oxygen c o n c e n t r a t i o n  w i t h  p r e s s u r e  

t h e  p r o d u c t i o n  of ozone i s  expected t o  d e c r e a s e  a s  t h e  p r e s s u r e  i s  r e -  

duced,  provided t h e  assumed p h o t o l y t i c  mechanism i s  c o r r e c t .  Indeed ,  

F i g u r e  5 shows t h a t  t h e  amount.of ozone format ion  when expressed  i n  % 

of t h a t  observed a t  760 mm Hg e x h i b i t s  an almost  l i n e a r  p r e s s u r e  depen- 

dence .  S ince  w i t h  d e c r e a s i n g  p r e s s u r e  r e a c t i o n  ( 4 )  becomes l e s s  e f f e c t i v e  

12  
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due t o  tlie s m a l l e r  c o n c e n t r a t i o n s  of ozone i n v o l v e d ,  t h e  p r e s s u r e  depen- 

dence o f  t h e  ozone quantum y i e l d  seems t o  i n d i c a t e  t h a t  r e a c t i o n s  (2)  

and ( 3 )  have s i m i l a r  th i rd-body requi rements .  

Although a l l  of t h e  above r e p o r t e d  r e s u l t s  concern ing  k r y p t o n  and 

hydrogen r a d i a t i o n  a r e  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  thp  invoked mechanism, 

t h e  observed ozone quantum y i e l d s  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  could 

be expec ted  i f  t h e  involved  oxygen atoms were i n  t h e  P ground s t a t e .  3 

' T i  ,.', t h e  use  of c u r r e n t l y  accepted v a l u e s  f o r  t h e  r a t e  c o n s t a n t s  of 

ground- s t a t e  oxygen atoms(7) one e s t i m a t e s ,  f o r  example, ozone quantum 

y i e l d s  i n  t h e  range  Q(0 ) = 0 . 1  f o r  a 1 c m  / s e c  flow of pure  carbon 

d i o x i d e ,  whereas t h e  observed quantum y i e l d s  a r e  s m a l l e r  by a t  l e a s t  

an o r d e r  of magni tude.  However, t h i s  r e s u l t  vould n o t  be unreasonable  

3 
3 

i f  t h e  oxygen 

a b l e  ID s t a t e  

t h e  f o r m a t i o n  

cor responding  

t h e  f o r m a t i o n  

atoms genera ted  i n  the CO p h o t o l y s i s  were i n  t h e  m e t a s t -  

r a t h e r  t h a n  i n  t h e  3P ground s t a t e ,  because i n  t h i s  c a s e  

of ozone by r e a c t i o n  ( 3 )  i s  s p i n  f o r b i d d e n  so  t h a t  t h e  

r a t e  c o n s t a n t  would be compara t ive ly  s m a l l e r .  Although 

of  'S oxygen atoms i s  e n e r g e t i c a l l y  f e a s i b l e  a t  1236 8, 

2 

i t  can  be prec luded  s i n c e  t h e  energy a v a i l a b l e  a t  t h e  o n s e t  of  t h e  in-  

volved continuum i s  i n s u f f i c i e n t  (see F i g u r e  1). Thus, i t  a p p e a r s  t h a t  

t h e  p h o t o d i s s o c i a t i o n  of carbon d i o x i d e  produces D oxygen atoms. To 

p r o v i d e  a more q u a n t i t a t i v e  t e s t ,  the r a t i o  of t h e  r a t e  c o n s t a n t s  of 

r e a c t i o n s  ( 3 )  and ( 4 )  was measured and compared w i t h  t h e  known v a l u e  

1 

3 . a s s o c i a t e d  w i t h  P oxygen atoms. A carbon d i o x i d e  + oxygen mixture  con- 

t a i n i n g  2.66% oxygen was prepared  and i r r a d i a t e d  w i t h  l i g h t  from t h e  

14 



krypton  d i s c h a r g e .  The r a t i o  of the  a b s o r p t i o n  c r o s s - s e c t i o n s  f o r  carbon 

d i o x i d e  and oxygen a t  1236 A i s  q u i t e  f a v o u r a b l e  so t h a t  on ly  o n e - t e n t h  

of t h e  a v a i l a b l e  r a d i a t i o n  i n t e n s i t y  i s  absorbed by t h e  oxygen c o n t a i n e d  

i n  t h e  m i x t u r e .  However, t h e  h igh  oxygen c o n c e n t r a t i o n  promotes r e a c -  

t i o n s  ( 3 )  and ( 4 )  r e l a t i v e  t o  r e a c t i o n  (2 )  r e n d e r i n g  t h e  l a t t e r  unimpor- 

t a n t .  Table  1 demonst ra tes  t h a t  the r e s u l t i n g  ozone quantum y i e l d s  a r e  

i n  t h e  v i c i n i t y  of u n i t y ,  b u t  a c o n s i d e r a b l e  v a r i a t i o n  w i t h  t h e  a p p l i e d  

i n t e n s i t i e s  and flow r a t e s  i s  q l s o  n o t i c e a b l e .  

0 
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4 .  DISCUSSION 

The low ozone quantum y i e l d s  could n o t  have been o b t a i n e d  i f  ID 

oxygen atoms were r a p i d l y  d e a c t i v a t e d  by c o l l i s i o n s  w i t h  carbon d i o x i d e .  

The c o n c l u s i o n  t h a t  c o l l i s i o n a l  d e a c t i v a t i o n  i s  r e l a t i v e l y  unimpor tan t  

i s  c o r r o b o r a t e d  by a s tudy  of Katakis  and Taube(8) who found t h a t  

oxygen atoms produced i n  t h e  2537 8 photolysis zf ezcne cndergo I n  cx- 

change r e a c t i o n  w i t h  CO r a t h e r  than d e a c t i v a t i o n .  

1 D 

2 

F i g u r e  1 shows t h a t  a t  t h e  wavelengths of t h e  xenon and hydrogen 

r a d i a t i o n  t h e  a b s o r p t i o n  i s  predominant ly  due t o  t h e  f i r s t  continuum 

appear ing  a t  l o n g e r  wavelengths  , while t h e r e  i s  n e g l i g i b l e  c o n t r i b u t i o n  

of t h e  second continuum towards s h o r t e r  wavelengths .  Conversely,  t h e  

l i n e  a t  1236 2 i s  almost  s o l e l y  absorbed by t h e  second continuum w i t h  

n e g l i g i b l e  c o n t r i b u t i o n  from t h e  f i r s t .  S i n c e  t h e  r e s u l t s  o b t a i n e d  se- 

p a r a t e l y  w i t h  t h e  k r y p t o n  and t h e  hydrogen l i g h t  source  a r e  e s s e n t i a l l y  

i d e n t i c a l ,  i t  can  be i n f e r r e d  t h a t  t h e  t r a n s i t i o n s  r e p r e s e n t e d  by t h e  

two a b s o r p t i o n  coninua lead  t o  i d e n t i c a l  d i s s o c i a t i o n  p r o d u c t s ,  namely 

carbon monoxide and D oxygen atoms. 

can now be c o n s i d e r e d .  

t h a t  t h e  i n c r e a s e  i n  t h e  quantum y i e l d s  observed a t  t h i s  wavelength must 

be caused by t h e  p a r t i a l  a b s o r p t i o n  i n  t h e  o v e r l y i n g  band system, which 

a t  t h i s  wavelength accounts  f o r  approximately 30% of t h e  t o t a l  a b s o r p t i o n  

s t r e n g t h .  Accordingly,  t h e  r e s u l t s  a r e  e x p l a i n e d  i n  terms of r e a c t i o n s  

i n v o l v i n g  e x c i t e d  CO molecules  

1 The e f f e c t  of t h e  xenon 1470 I( l i n e  

I n  view of t h e  p r e c e d i n g  c o n c l u s i o n  i t  i s  a p p a r e n t  

2 

17 



c4; + co2 --) 2co + 02, (6) 

which must occur  i n  a d d i t i o n  t o  t h e  p h o t o d i s s o c i a t i o n  mechanism (1)  

through (4). These r e a c t i o n s  can  account f o r  t h e  i n c r e a s e  of t h e  quan- 

tum y i e l d s  observed f o r  a l l  t h e  products .  A t  p r e s s u r e s  below 150 mm 

Hg, where t h e  CO quantum y i e l d  i s  u n i t y ,  t h e  CO molecule  presumably 

p r e d i s s o c i a t e s  o r  r e - c m i t s  t h e  photon which s u b s e q u e n t l y  i s  r e - a b s o r b e d ,  

p r e f e r e n t i a l l y  i n  t h e  continuum. The only  f i n d i n g  n o t  e n t i r e l y  con- 

s i s t e n t  w i t h  t h i s  s u p p o s i t i o n  i s  the l a c k  of p r e s s u r e  dependence con- 

c e r n i n g  t h e  0 quantum y i e l d s  obtained w i t h  t h e  xenon d i s c h a r g e .  

J; 

2 

2 

For  a q u a n t i t a t i v e  i n t e r p r e t a t i o n  of  t h e  measurements t h e  p h y s i c a l  

c o n d i t i o n s  of t h e  exper iments  must be d e s c r i b e d  by a s u i t a b l e  t h e o r e t i c a l  

model. S i n c e  t h e  r e a c t i o n s  induced by CO p h o t o l y s i s  a t  a tmospher ic  

p r e s s u r e s  a r e  conf ined  t o  a narrow r e g i o n  i n  t h e  v i c i n i t y  of t h e  window, 

which i s  c h a r a c t e r i z e d  by a c e r t a i n  degree  of t u r b u l e n c e  owing t o  t h e  

r e v e r s a l  f low i n  t h i s  r e g i o n ,  i t  appears a p p r o p r i a t e  t o  per form ca lcu-  

l a t i o n s  on t h e  b a s i s  of s t i r r e d  r e a c t o r  t h e o r y .  I n  t h e  p h o t o l y s i s  of 

CO c o n t a i n i n g  2.66% oxygen t h e  O2 c o n c e n t r a t i o n  i s  so  l a r g e  t h a t  i t  

remains  approximately c o n s t a n t  even i f  a l l  t h e  oxygen atoms a r e  consumed 

i n  t h e  format ion  of ozone. Also ,  r e a c t i o n  ( 2 )  can be c o n s i d e r e d  n e g l i -  

g i b l e .  The s t i r r e d  r e a c t o r  equat ions  t h e n  r e a d :  

2 

2 

where t h e  c o n c e n t r a t i o n s  r e f e r  t o  the outgoing  ( s t e a d y - s t a t e )  concent ra -  

t i o n s ,  v i s  t h e  flow r a t e ,  R t h e  r e a c t i o n  volume, and I t h e  i n t e g r a t e d  

18 



i r r a d i a t i o n  i n t e n s i t y .  I1 t h e  oxygen atoms a r e  l a r g e l y  consumed w i t h i n  

t h e  boundary of t h e  r e a c t i o n  volume, (v/R) [O] <( I / R ,  and t h e  e q u a t i o n s  

can  be cnnhined t o  e x p r e s s  t h e  r a t i o  of t h e  r a t e  c o n s t a n t s  i n  terms of 

t h e  p r e v i o u s l y  d e f i n e d  0 quantum y i e l d :  2 

[02 lv 
X 

k4 r = - = -  k3[Ml IQ(03) 

Note t h a t  t h e  r e a c t i o n  volume R h a s  c a n c e l l e d .  

When t h i s  e q u a t i o n  i s  employed i n  c o n j u n c t i o n  w i t h  t h e  d a t a  shown 

i n  Table  1, one o b t a i n s  t h e  y v a l u e s  e n t e r e d  i n  column 5. These a r e  

about  f i v e  times g r e a t e r  t h a n  t h e  h i g h e s t  v a l u e  a v a i l a b l e  f o r  P oxygen 3 

3 
atoms, y (  P) = 5 ,  which can  be der ived  u s i n g  t h e  r a t e  c o n s t a n t s  

k ( P) = 2 . 5  x 10 

2 7 c u l e s  sec . However, e q u a t i o n  (A)  does n o t  y e t  t a k e  i n t o  account  t h e  

3 1 4  3 3 -34 6 cm /molecules  sec9 and k3( P)  = 2 x 10 cm /mole- 4 

s imul taneous  p h o t o d i s s o c i a t i o n  of oxygen i n  t h e  m i x t u r e  S O  t h a t  a c o r -  

r e c t i o n  i s  r e q u i r e d  making t h e  d iscrepancy  even g r e a t e r .  Because of 

t h e  e x i s t i n g  u n c e r t a i n t y  r e g a r d i n g  t h e  d i s s o c i a t i o n  p r o d u c t s  of oxygen 

a t  1236 8,  two c a s e s  were cons idered:  

1 t h e  d i s s o c i a t i o n  p r o d u c t s  a r e  two D oxygen atoms, and a second c a s e  

i n v o l v i n g  a ‘D and a 

one i n  which i t  was assumed t h a t  

3 P oxygen atom of which t h e  l a t t e r  was supposed t o  

undergo immediate ozone formgt ion .  The c o r r e s p o n d i n g l y  corrected y v a l u e s  

a r e  shown, r e s p e c t i v e l y ,  i n  columns 6 and 7 of Table  1. The averaged 

v a l u e s  a r e  seen  t o  be approximately t h e  same i n  b o t h  c a s e s ,  s u g g e s t i n g  

Y 2 41. D e s p i t e  a c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  i n t e n s i t i e s  and f low 

r a t e s  t h e  average d e v i a t i o n  from the mean i s  about  12%, s u p p o r t i n g  t h e  

19 



employcd r e a c t i o n  mechanism. The high v a l u e s  obta ined  f o r  y a r e  c o n s i d e r e d  

s u f f i c i e n t  ev idence  t h a t  t h e  CO p h o t o d i s s o c i a t i o n  p r o d u c t s  a r e  carbon mono- 

x i d e  and D oxygen atoms. 

2 
1 

The d a t a  shown i n  F igure  4 may now be analyzed by a s i m i l a r  p r e c e d u r e ,  

assuming t h a t  t h e  s t i r r e d  r e a c t o r  theory i s  a g a i n  a p p l i c a b l e .  R e a c t i o n s  (2) 

through ( 4 )  ilave t o  be Liic?.cided Fr: t h i s  c a s e ,  l e a d i n g  t o  t h e  e q u a t i o n s :  

V I I f  i t  i s  a g a i n  assumed t h a t  ,[O]<<- R '  t h e s e  e q u a t i o n s  can  be combined t o  g i v e  

The s t e a d y - s t a t e  c o n c e n t r a t i o n  of  oxygen i n  t h i s  c a s e  d i f f e r s  from [0 ] b u t  

i t  can  be c o n v e n i e n t l y  determined from t h e  mass b a l a n c e  e q u a t i o n  

2 0' 

/ I 

[o ]  + 2' i o 2 ]  - [0210) + 3 [ 0  1 = 3 v  \ 

under t h e  p r o v i s i o n  t h a t  t h e  0- atom c o n c e n t r a t i o n  i s  n e g l i g i b l e  i n  compari- 

son  w i t h  b o t h  t h e  ozone c o n c e n t r a t i o n  and t h e  c o n c e n t r a t i o n  of t h e  oxygen 

produced.  I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  e x p r e s s i o n  f o r  f3 c o n t a i n s  t h e  

r e a c t i o n  volume R. T h i s  i s  a consequence of t h e  s q u a r e  r'Pp2lidence o r  oxygen 

atom c o n c c n , r a t i o n  which i s  involved i n  the r a t e  f o r  R e a c t j o u  ( 2 )  
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U n f o r t u n a t e l y ,  w i t h  t h e  exper imenta l  c o n d i t i o n s  a p p l i e d ,  R i s  n o t  

c l e a r l y  d e f i n e d  so t h a t  i t  must be t :  :< 1:ted.  I t  i s  e v i d e n t  t h a t  t h e  

o u t s i d e  d iameter  of t h e  c y l i n d r i c a l  r e a c t i o n  volume i s  g i v e n  by t h a t  

of t h e  i n n e r  r e a c t o r  t u b e ,  b u t  t h e  e f f e c t i v e  l e n g t h  of t h e  c y l i n d e r  i s  

u n c e r t a i n ,  For t h e  p r e s e n t  purpose an e s t i m a t e  of R h a s  been obta ined  

by two independent  methods: ( a >  from t h e  depth  where 90 p e r c e n t  of t h e  

incoming r: :diation i s  absorbed,  and ( b )  from g e o m e t r i c a l  c o n s i d e r a t i o n s  

concern ing  t h e  s i z e  of t h e  flow pocket  where t u r b u l e n c e  presumably pre-  

v a i l s .  Both e s t i m a t e s  y i e l d  R 2 1 cm and t h i s  v a l u e  h a s  been used i n  

c o n j u n c t i o n  w i t h  Equat ion  (B) .  It should be noted  t h a t  t h e  f i r s t  method 

of e s t i m a t i n g  R i n v o l v e s  t h e  CO a b s o r p t i o n  c r o s s  s e c t i o n ,  which a s  a 

f u n c t i o n  of wavelength depends on t h e  type  of r a d i a t i o n  a p p l i e d .  Accor- 

d i n g l y ,  i t  appears  t h a t  d i f f e r e n t  r e a c t i o n  volumes have t o  b e  employed 

i n  E q u a t i o n  (B)  f o r  t h e  two s e t s  of d a t a  obta ined  s e p a r a t e l y  w i t h  t h e  

k r y p t o n  and t h e  hydrogen lamp. However, a s  i t  can  be g leaned  from 

F i g u r e  1 t h a t  t h e  a b s o r p t i o n  cross s e c t i o n s  a t  1236 

a r e  comparable i n  magnitude, t h e  der ived  v a l u e s  f o r  R d i f f e r  on ly  s l i g h t l y .  

The r e s u l t i n g  e r r o r  i s  c e r t a i n l y  n c g l i g i b l e  i n  comparison w i t h  t h e  un- 

known e r r o r  of e s t i m a t i o n .  

3 

2 

and around 1600 11 

I n  Tables  2 and 3 a r e  shown the v a l u e s  f o r  p which were d e r i v e d  oti 

Table  2 u t i l i z e s  t h e  b a s i s  of Equat ion  (B) u s i n g  R = 1 cm3 and y = 41. 

t h e  d a t a  obta ined  w i t h  l i g h t  from t h e  krypton  lamp w h i l e  Table  3 shows 

t h e  r e s u l t s  f o r  hydrogen r a d i a t i o n .  Both s e t s  of r e s u l t s  a r e  mutua l ly  

and i n t e r n a l l y  c o n s i s t e n t  , i n d i c a t i n g  once a g a i n  t h a t  t h e  invoked r e a c -  

t i o n  mechanism i s  a p p l i c a b l e .  On averaging  t h e  r e s u l t s  f o r  f3 employing 



TABLE 2 . O3 quantum y i e l d s  and v a l u e s  f o r  B = k3/  d k 2  i n  t h e  
1236g p h o t o l y s i s  of C02 c o n t a i n i n g  0.057% 02.  

Run No. v I x 10-16 Q (03) p 1019 
cm3 / s e c  quant a l s e c  

35 :36 1 . 8 5  1 . 2 5  0 .103  2.3 

3 7 i . j ;  2.0 0 .573  0.170 3 . 2  

41/42 1 . 7 2  1 .92  0 .057  2 .64  

43 I44 1 . 9 1  1 . 9 1  0 .065  2.89 

45 146 1 . 8 7  1 . 4 6  0.0705 4 .43  

4 7 148 1 . 8 2  0.603 0.158 3 . 8 9  

49/50 1 .75  0 . 5 7  0.152 4 . 3 8  

51/52 2.2 1 . 0 3  0 .112  4 .26  

5 1 /53  1 .95  1 . 0 8  0 .096  3 . 9  

Average f3 = 3.55  f 0 . 7 1  x 
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TABLE 3 .  O3 quantum y i e l d s  and v a l u e s  f o r  (3 = k3/  Jlr  i n  t h e  2 
1600% p h o t o l y s i s  of C 0 2  c o n t a i n i n g  0.057% 02. 

6 -16 
I x 10 Q@,! 

3'.1 q u a n t a l  s e c cm / s e c  
Rdr: ??G . 

56/57  1 . 7 9  0 . 7 2 2  0 .126  4 .14  

58/60 1 . 9 8  0 .740  0 .133  4 . 6 1  

59 160 1 . 9 2  0 .740  0 .116  6.99 

61 162 1.8 0 .580  0 .178  3 .34  

64/65 2.06 0.570 0.170 6.33 

67/74 1 . 8 7  0.474 0 .198  4 .42  

68/74 1 . 3 6  0 .474  0 .201  4 .16  

69/75 2 .02  0 .36  0 .266  5 . 3 6  

70 I75 2 .01  0 . 3 6  0 .237  7 . 1 7  

7 1  I78 1 .98  0 .20  0 .278  Fo t i m a a  
Q(0 ty 

72 178 1 . 9 7  0 .20  0.280 b ? l .  

Average 0 = 5.15  * 1 . 2 4  x lo-'' 

2 3  



1 - 19 b o t h  s e t s  of  d a t a ,  one o b t a i n s  @ = 4 . 3  - + 1 . 0  x 10 

v a l u e  w i l l  now be employed i n  e s t i m a t i n g  t h e  a b s o l u t e  v a l u e s  of t h e  r a t e  

c o n s t a n t s  k and k4.  For t h i s  purpose,  i t  i s  assumed t h a t  t h e  r a t e  con- 

s t a n t  k2 involved  i n  t h e  recombinat ion of 

magnitude t o  t h e  one governing t h e  recombina t ion  of  P oxygen atoms. 

~ ~ l e  I d L L c L  r a t e  zcnstant azd t h e  a s s o c i a t e d  t h i r d - b o d y  e f f i c i e n c i e s  

have r e c e n t l y  been de termined ,  ( l o y l l )  e s t a b l i s h i n g  k2 = 4 . 2  x 10 

c c  /molec s e c  f o r  CO a s  t h e  a c t i n g  t h i r d  body. Accord ingly ,  i t  i s  s e t  

cc/molec sec3. T h i s  

3 
1 D oxygen atoms i s  s i m i l a r  i n  

3 

rnL-  1 ^**^.- 

- 33 

2 2 
2 

whence 

1 2 2 k ( D) = 2 . 8  x c c  /molec s e c  . 3 

Thus, t h e  r a t e  c o n s t a n t  f o r  ozone format ion  i n v o l v i n g  ‘D oxygen atoms 

i s  by about  an  o r d e r  of magnitude s m a l l e r  t h a n  t h a t  i n v o l v i n g  P oxygen 

atoms,(6)  a f i n d i n g  which c a n  be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  s p i n .  

It should be noted  t h a t  owing t o  the r o o t  r e l a t i o n s h i p  between t h e  two 

r a t e  c o n s t a n t s ,  any u n c e r t a i n t y  concerning k would r e s u l t  i n  an  un- 2 

c e r t a i n t y  of k3(  D) of on ly  h a l f  the s i z e .  Unless  k2  i s  g r o s s l y  i n  

e r r o r ,  t h e r e f o r e ,  k 3 (  D) appears  t o  b e  r e a s o n a b l y  w e l l  e s t a b l i s h e d .  

Accept ing t h i s  v a l u e  f o r  k f i n a l l y ,  w e  o b t a i n  w i t h  7 = 41 t h e  r a t e  

c o n s t a n t  k = 3 x which i s  of t h e  same s i z e  i f  n o t  f a s t e r  t h a n  

the  e q u i v a l e n t  r a t e  c o n s t a n t  f o r  P oxygen atoms. 

3 

1 

1 

3 ’  

4 
3 

Summing up, i t  h a s  been e s t a b l i s h e d  t h a t  t h e  p h o t o l y s i s  of carbon 

1 d i o x i d e  i n  t h e  1200-1750 wavelength r e g i o n  g e n e r a t e s  D oxygen atoms, 
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which predominantly react with themselves to form molecular oxygen and 

ozone. The measurement of 0 quantum yields has been found a convenient 

tool f o r  determining the ratios of the rate constants for the involved 

reactions. Estimates f o r  absolute rate constants have been obtained on 

the basis of  the assumption that the homogeneous recombination of ID 

oxygen atoms has a rate similar to that of P oxygen atom recombination. 

3 

3 
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